Rhythmic spontaneous bursting activity, which occurs in many developing neural circuits, has been considered to be important for the refinement of neural projections but not for early pathfinding decisions. However, the precise frequency of bursting activity differentially affects the two major pathfinding decisions made by chick lumbosacral motoneurons. Moderate slowing of burst frequency was shown previously to cause motoneurons to make dorsoventral (D-V) pathfinding errors and to alter the expression of molecules involved in that decision. Moderate speeding up of activity is shown here not to affect these molecules or D-V pathfinding but to strongly perturb the anteroposterior (A-P) pathfinding process by which motoneurons fasciculate into pool-specific fascicles at the limb base and then selectively grow to muscle targets. Resumption of normal frequency allowed axons to correct the A-P pathfinding errors by altering their trajectories distally, indicating the dynamic nature of this process and its continued sensitivity to patterned activity.
Introduction
During development of the nervous system, axons make a series of orderly pathfinding decisions based on their interpretation of a complex array of molecular signals received from targets, intervening tissue, and other axons (Dickson, 2002; Chilton, 2006) . However, once axons have reached their targets, electrical activity has been shown to influence a number of developmental processes, including cell survival, intramuscular nerve branching, and synaptic maturation (Pittman and Oppenheim, 1978; Thompson, 1983; Dahm and Landmesser, 1988; Busetto et al., 2000) (for review, see Moody and Bosma, 2004) . Activity also has been shown to play a role in refining neural connections that were initially formed in response to molecular signals (Penn et al., 1998; Rossi et al., 2001; Stellwagen and Shatz, 2002; Grubb et al., 2003; Kim and Kandler, 2003; McLaughlin et al., 2003; Cang et al., 2005; Chandrasekaran et al., 2005; Tao and Poo, 2005) .
Although activity has not been thought to enter into early pathfinding decisions (Katz and Shatz, 1996; Sengpiel and Kind, 2002) , lowering the frequency of rhythmic activity in chick spinal cords, while motor axons are making dorsoventral (D-V) pathfinding decisions, was recently shown to result in D-V pathfinding errors (Hanson and Landmesser, 2004) , and the downregulation of two molecules previously shown to contribute to accurate D-V pathfinding, polysialic acid (PSA) on neural cell adhesion molecule (NCAM) (Tang et al., 1992 (Tang et al., , 1994 and Eph receptor tyrosine kinase A4 (EphA4) (Helmbacher et al., 2000; Eberhart et al., 2002; Kania and Jessell, 2003) . To better understand how the frequency of such rhythmic cord activity might interact with the molecular signals involved in different types of pathfinding decisions, we determined the consequence of increasing the frequency of rhythmic bursting episodes.
Although the primary excitatory drive for rhythmic bursting at these stages is acetylcholine (Milner et al., 1999; Hanson and Landmesser, 2003) , GABAergic and glycinergic transmission, both of which are excitatory at these stages (Milner and Landmesser, 1999; Landmesser, 2003, 2004) , also contribute to the excitatory drive. Thus, preventing the uptake of endogenously released glycine by blocking the glycine transporter GlyT1 with sarcosine increased the frequency of bursting activity by a factor of two (Hanson and Landmesser, 2003; Ren and Greer, 2003) . Surprisingly, this increase had no effect on D-V pathfinding or on the expression of PSA or EphA4, which as noted above were decreased by reducing episode frequency. However, the subsequent major pathfinding decision, during which axons emerging from multiple spinal nerves group together into pool-specific fascicles in the plexus and then pathfind to their specific muscles (Lance-Jones and Landmesser, 1981a) , was severely compromised, resulting in major anteroposterior (A-P) pathfinding errors. If, however, activity was allowed to return to normal levels after A-P pathfinding errors had been made in the plexus, axons were able to correct their trajectories more distally in the limb and project to their original muscle. This observation suggests that the normal frequency of bursting episodes is required through-out the period of axon growth to their targets and that the molecular/cellular process affected by activity is quite dynamic. These observations also show that the precise frequency of the rhythmic bursting activity, rather than overall activity levels, is the critical variable.
Materials and Methods
Chronic drug treatments. As reported previously by Hanson and Landmesser (2004) , white leghorn chick embryos were incubated until stage 18 (St 18). A square hole was cut into the shell, and after moistening the embryo with Tyrode's solution, the hole was surrounded by a lip of paraffin. An elongated pipette tip was placed through the paraffin with its tip centered over the chorio-allantoic membrane, and the hole was sealed with a glass coverslip. Twice a day, starting at stage 20, the specific glycine uptake inhibitor sarcosine (10 mg/d) or the glycine receptor antagonist strychnine (1 mg/d), dissolved in sterile Tyrode's solution, was administered through the pipette until the desired stage. To allow for the resumption of normal activity, embryos were treated with sarcosine starting at St 20 and given the last treatment at St 24.
Recording of spontaneous bursting episodes in an isolated spinal cordhindlimb preparation. As reported previously (Landmesser and O'Donovan, 1984a) , embryos were decapitated, eviscerated, and dissected in cool continuously oxygenated Tyrode's solution for control embryos and for embryos that had recovered from early treatment with chronic sarcosine. The chronic sarcosine-treated embryos were superfused with Tyrode's containing 100 M sarcosine and those chronically treated with strychnine, with Tyrode's containing 5 M strychnine. A combination of strychnine and sarcosine was used for embryos chronically treated with both drugs. A ventral laminectomy was performed and tissue was cleared to reveal the spinal and muscle nerves. The preparation was then warmed (30°C) and superfused with oxygenated Tyrode's solution with or without specific drugs. Fine-tip suction electrodes pulled from polyethylene tubing (PE-190; Clay Adams, Parsippany, NJ) recorded the nerve output via amplifiers (P15D; Grass Amplifier connected with FLA-01; Cygnus Technology, Delaware Water Gap, PA) directly on the computer with Axoscope 8 (Axoscope, Foster City, CA). Significance of data was evaluated by Student's t test, which determined the p value (SigmaPlot 2.0; Jandel, San Rafael, CA). A p value below 0.05 was considered significant.
To determine the functional segmental innervation of the sartorius and femorotibialis muscles in control and sarcosine-treated embryos, individual spinal nerves (see Fig. 2 A) were stimulated via a Grass S48 stimulator and Grass PSIU6B stimulus isolation unit (Grass Instruments, Quincy, MA) with single supramaximal stimuli from suction electrodes. The resultant compound action potentials were recorded simultaneously from the sartorius and femorotibialis muscles using polyethylene suction electrodes pulled from polyethylene tubing (PE-190; Clay Adams), and their amplitude was used to estimate the extent to which individual spinal nerves contributed to their activation.
To determine the motoneuron pool-specific bursting patterns of motoneurons in control or sarcosine-treated embryos, single stimuli were applied to the thoracic spinal cord. This produced an episode of bursting activity that was recorded from sartorius or femorotibialis muscle nerves via tight-fitting polyethylene suction electrodes. Such recordings are able to detect the firing of individual motor units. Extensive past studies (Landmesser and O'Donovan, 1984a,b; Rafuse et al., 1996) have demonstrated the highly stereotyped bursting patterns of each motoneuron pool and the maintenance of these patterns when motoneurons are forced to innervate foreign muscles (Landmesser and O'Donovan, 1984b; Rafuse et al., 1996) . Similar recordings were also made from the novel nerves that innervated the sartorius muscle in the sarcosine recovery embryos.
Quantification of fluorescent immunostaining. As described previously by Hanson and Landmesser (2004) , images were captured with a digital camera (Olympus MagnaFire, Olympus America, Melville, NY) using the MagnaFire 2.0 software and imported into MetaMorph Imaging Analysis software (4.0; Universal Imaging Corporation, West Chester, PA). To compare changes in expression of the molecules of interest (PSA-NCAM, EphA4), two channels of fluorescence were captured and aligned in a stack. The first channel consisted of an internal control to compensate for variability of section thickness, limb orientation, or the density of axons within each section. It generally consisted of neurofilament (NF-160) immunostaining, because this stained all axons equivalently and NF-160 expression did not differ between dorsal and ventral axons, or after sarcosine treatments. The internal control for PSA expression was NCAM expression, because it too did not differ between dorsal or ventral axons or after drug treatments. The second channel recorded levels of PSA or EphA4, which was then expressed as a ratio over the internal control. To compare the mean pixel intensity of the immunostained axons of interest under different conditions, we first made masks around each region of interest (ROI), for example the dorsal or ventral axon region. The software then calculated the mean pixel intensity for the region within each mask. To compensate for alteration in background levels, each mask was duplicated and shifted into a nonaxonal region of the tissue. This background value was subtracted from the value of the ROI.
Because the pictures from each channel were stacked, the masks from the internal control were transferred onto the ROI and background regions of the second channel. These mean pixel intensity values of the ROI of the second channel were subtracted from the mean pixel intensities of the background region. The mean pixel intensity of the second channel was then divided by that of the internal control to give a mean pixel intensity of the molecule of interest relative to internal control. Next, the ratios for the particular mean pixel intensity of the ROI were averaged for a number of sections from at least three different embryos. These values were then binned according to developmental stages. Last, within each stage of development, the averaged ratio of mean pixel intensity of the dorsal axons ROI in Tyrode's solution-treated control embryos was used to normalize all other ROIs from the different treatments. Significance was determined through ANOVA and Student's t test.
Quantification of in ovo movement. To quantify in ovo movements, windowed eggs were removed from the incubator at specified stages for 10 min, during which time the number of episodes of axial movement was recorded. An episode of axial movement consisted of one or more continuous axial movements; single movements occurred at St 23, whereas more complex movements occurred at latter developmental stages (i.e., at St 30, a continuous movement could continue for 30 s). No fewer than five embryos were used per time point, with each embryo evaluated at least three times.
Labeling of motoneurons with dextran. This protocol is a modification of retrograde labeling that was described by Hanson and Landmesser (2004) . St 30 chick sartorius, femorotibialis, or adductor muscles in isolated spinal cord-hindlimb preparations were injected with Dextran conjugated to either Alexa 488 or Alexa 546 fluorophor (Invitrogen, San Diego, CA) and incubated for 6 h at 32°C in oxygenated Tyrode's solution to allow for retrograde transport to motoneurons. For orthograde labeling, spinal nerves were injected with either dextran conjugate and incubated for 6 h at 32°C in oxygenated Tyrode's solution, which allowed for orthograde transport to the end of nerves within the limb. In some cases, retrograde labeling was performed with Di-I or Di-Asp (Invitrogen, Eugene, OR).
Whole mounts were photographed using a 6.3ϫ objective on an upright Nikon (Tokyo, Japan) Microphot-FX. The embryos were fixed in 3.7% formaldehyde for 3 h at room temperature and then washed with PBS. The embryos were washed in 5% sucrose-PBS for 1 h, placed in 30% sucrose-PBS overnight at 4°C, placed in a 1:1 mixture of 60% sucrose and tissue-freezing medium (Triangle Biomedical Sciences, Durham, NC), and then frozen in dry ice-cooled isopentane and cryostat sectioned at Ϫ30°C at 16 m (Cryocut1800; Leica, Nussloch, Germany). For histograms, only spinal cords that had a full set of serial sections were counted.
Immunohistochemistry. In Dextran-injected embryos, frozen sections were incubated with antibodies against Islet1/2 [mouse, 39.4D5, Developmental Studies Hybridoma Bank, Iowa City, IA; or Lim 1, a gift from Dr. S. Pfaff (Salk Institute, La Jolla, CA)] overnight. The sections were incubated with Cy3 anti-goat and Cy2 anti-mouse secondary for 1.5 h, depending on the dextran-conjugate used (Jackson ImmunoResearch, West Grove, PA), mounted using ProLong Antifade Kit (Invitrogen), and visualized using MagnaFire 2.0 software (Olympus America) on an upright Nikon Microphot-FX. Procedures for immunostaining dorsal and ventral nerve trunks in the plexus with antibodies to PSA and EphA4 and for quantifying the immunofluorescence were described previously (Hanson and Landmesser, 2004) .
Results
Chronic in ovo blockade of glycine uptake increases the frequency of spontaneous bursting episodes during motor axon outgrowth To further test the necessity of maintaining the normal frequency of spontaneous rhythmic activity during early motoneuron axonal outgrowth, uptake of glycine was blocked by chronic , embryonic day 3 (E3) to E6.5] in ovo treatment with an inhibitor of the GlyT1 glycine transporter, sarcosine (Eulenburg et al., 2005) . Chronic in ovo sarcosine treatment increased the frequency, or decreased the interepisode intervals, of rhythmic bursting episodes by approximately twofold from stage 25-30 ( Fig. 1 A) , as assessed in the in vitro spinal-cord hindlimb preparations prepared from the treated embryos. The increase in episode frequency presumably resulted from preventing the reuptake of endogenously released glycine, which is excitatory at early stages of chick and mouse development (Wu et al., 1992; Nishimaru et al., 1996; Milner and Landmesser, 1999; Kulik et al., 2000; Hanson and Landmesser, 2003) and during the pathfinding events described here, which occur between St 22 and St 28.
Recently, spontaneous rhythmic episodes of activity were shown to occur as early as St 23 in the in vitro chick spinal cord preparation, a time when axons are making both dorsoventral and pool-specific pathfinding decisions during plexus formation (Hanson and Landmesser, 2004) . Our previous studies also showed that this electrical activity was correlated with in ovo rhythmic s-shaped movements when axial muscles contract (limb muscles have not formed at this stage). Such axial movements could thus be used to document the in ovo effects of sarcosine treatment on rhythmic activity during this critical period of axon pathfinding. Both chronic and acute application of sarcosine decreased the interval between in ovo axial movements at these early stages (Fig. 1 B) . When the concentration of sarcosine, acutely applied in ovo, was reduced 10-fold, there was no effect on movement frequency, suggesting that the concentration of sarcosine used in the chronic treatments was indeed in the physiological range.
If sarcosine treatment was discontinued after stage 24, the in ovo intermovement intervals had increased to control values by St 26, when they were first assessed (Fig. 1C) . Similarly, in cords isolated from such embryos, the interval between electrically recorded episodes had reached control values by St 25.5 (Fig.  1 D) . Thus, we were able to assess the effect that such recovery of activity had on the subsequent behavior of motor axons that had already executed major pathfinding and fasciculation choices in the plexus region during the time of altered activity frequency.
Spinal nerves failed to form a normal plexus during sarcosine treatment
During the early formation of the spinal motor circuit (St 23-24), motor axons extend into the periphery from the spinal cord and make two important pathfinding decisions at the base of the limb in an area called the plexus region (Fig. 2 A) . The first major decision is for motor axons to defasciculate and sort into dorsal and ventral fascicles that contain the axons of lateral limbinnervating motoneurons (LMCls) and medial limb-innervating motoneurons (LMCms). This dorsoventral sorting begins within the individual spinal nerves and is complete before the convergence of the spinal nerves. Thus, dorsal and ventral rami in each spinal nerve physically diverge from one another before the convergence of the three to four spinal nerves that contribute to the crural plexus (Fig. 2 A) . At this point, these rami converge into separate dorsal and ventral trunks. Because most lumbosacral motoneuron pools extend over two to four cord segments, the second major decision requires that axons belonging to a single motor pool defasciculate from the axons of other pools within individual spinal nerves and then refasciculate with their poolspecific partners that have grown down other spinal nerves [the schematic diagram in Fig. 2 A shows the sartorius (green) and femorotibialis (red) axons executing this process]. Once poolspecific fascicles have formed, they remain tightly segregated and in stereotypic positions within the dorsal and ventral (obturator) nerve trunks until they diverge as individual muscle nerves ( Fig.  2 A) (see also Lance-Jones and Landmesser, 1981a) .
In a previous study (Hanson and Landmesser, 2004) , chronically slowing the frequency of rhythmic activity with the GABA A receptor antagonist picrotoxin resulted in dorsoventral pathfinding errors. Because we were able to increase the frequency of such episodes with sarcosine ( Fig. 1 A, B) , we were able to address whether altering the frequency in the opposite direction would have either a quantitatively different or no effect on D-V pathfinding, or whether it would alter some different aspect of motor axon pathfinding. In the chronic sarcosine-treated embryos, dorsal and ventral crural nerve trunks appeared to diverge appropriately. To determine whether some axons within these trunks had made D-V pathfinding errors, as we had previously found when the frequency of rhythmic activity was reduced (Hanson and Landmesser, 2004) , the adductor (a ventral muscle) and the sartorius (a dorsal muscle) were retrogradely labeled with fluorescently tagged dextrans. As shown in the examples in Figure 2 , B and C, axons projecting to the sartorius (green) segregated from those axons projecting to the adductor (white) in the plexus region. Importantly, all of the cell bodies of sartorius-projecting axons were located laterally in the LMCl, whereas those labeled from the adductor muscle (white) were all located medially in the LMCm (Fig. 2 D, E) with no overlap similar to controls. In addition, as in control embryos, sartorius motoneurons were all Lim 1ϩ and islet1/2 Ϫ, as were femorotibialis motoneurons, whereas the converse was true for adductor motoneurons (Table 1) . Thus, neither D-V somal migration errors nor D-V pathfinding errors were made when the frequency of spontaneous bursting activity was increased. In addition, we observed that the expression of two candidate molecules for producing the D-V pathfinding errors, EphA4 and PSA, which were decreased when the episode frequency was decreased, were unaffected, by increasing the frequency. The mean normalized pixel intensity of immunostained nerves at the plexus region at St 25 for EphA4 was 1.00 Ϯ 0.04 in control and 1.07 Ϯ 0.11 in sarcosine-treated embryos (intensities were normalized to the dorsal nerve of control embryos) (see Materials and Methods for additional details). Similarly, the normalized values for PSA staining on the dorsal trunk (1.00 Ϯ 0.07 for control and 1.05 Ϯ 0.09 for sarcosine treated) as well as on the ventral trunk (0.37 Ϯ 0.08 for control and 0.40 Ϯ 0.10 for sarcosine) and did not differ significantly ( p Ͻ 0.05).
However, despite the normal dorsoventral pathfinding, plexus formation and muscle nerve-specific pathfinding were severely altered. The sartorius normally receives its innervation from LS1 and LS2 with a very minor contribution from T7. In contrast, the femorotibialis receives most of its innervation from LS2 and LS3 with a minor contribution from LS1 (Landmesser, 1978; Matise and Lance-Jones, 1996) . Thus, sartorius axons in LS2 must defasciculate from the axons of the femorotibialis and other pools and refasciculate with sartorius axons from LS1 (Fig.  2 A) . Similarly, femorotibialis axons in LS1 must diverge and regroup with their pool-specific partners in LS2 and 3. This normal sorting of axons can be visualized by retrogradely labeling the axons projecting to the sartorius and femorotibialis with green and red dextrans, respectively (Figs. 3A, 2B ).
In the chronic sarcosine-treated embryos (Fig. 3B) , the three spinal nerves converged anatomically into a plexus, although this generally occurred more distally than normal. However, the axons within LS1 and LS2 did not intermingle with each other in the plexus, with the result that the LMCl axons in LS1 remained tightly fasciculated and most, if not all, projected to the sartorius muscle (Figs. 3B, green axons, 2C) . Similarly, most of the LMCl axons in LS2 projected to the femorotibialis. The distribution of retrogradely labeled motoneuron somas in the spinal cord confirmed these observations, as seen both in spinal cord whole mounts (data not shown) and in histograms from transversely sectioned cords (Fig. 3 D, E ) that plot the distribution of neurons retrogradely labeled from the sartorius and femorotibialis along the A-P axis in control and sarcosine-treated embryos, as a percentage of the total number labeled for each pool. This perturbation of A-P pathfinding was profound as the large number of (sartorius, green; femorotibialis, red) . Cross sections at the right show the positions of these and ventrally projecting axons (blue) to the adductor (Adduct) muscle in the proximal spinal nerve where they are extensively intermingled (top), just before the convergence of spinal nerves into the crural plexus, where dorsal and ventral projecting axons have segregated along the D-V axis (middle) and within the dorsal (crural) nerve trunk after the ventral (obturator) trunk has diverged and sartorius (Sart) and femorotibialis (Fem) axons have formed discrete fascicles (bottom). The dorsal nerve trunk diverges to innervate multiple muscles (ITR, iliotrochanterici; Femoro, femorotibialis; Ailtib, anterior iliotibialis). The ventral trunk projects to the adductor muscle. B, C, Whole mounts as seen from the ventral surface of control and sarcosine-treated embryos, respectively, of axons retrogradely labeled with dextrans from the sartorius (green) and the adductor (white). Labeled axons are seen in spinal nerves LS1 and LS2. D, E, Cross sections showing the ventral spinal cord on one side from control and sarcosine-treated embryos, respectively, at the level of LS1 (ventral, down; medial, left) . In both cases, the sartorius motoneuron somas (green) are located lateral to those projecting to the adductor (white), in appropriate LMCl and LMCm locations, showing that D-V pathfinding has not been affected. The LMCl is encircled with a dashed line. Scale bar, 100 M.
motoneurons that normally project to the femorotibialis from LS3 no longer did so. Similarly, the substantial number of sartorius motoneurons in LS2 no longer projected to the sartorius (compare histograms in Fig. 3 D, E) .
Supporting the idea that most of the LMCl motoneurons in LS1 now projected to the sartorius and most in LS2 projected to the femorotibialis were the spatial distributions of the retrogradely labeled somas observed in cross sections in which islet-1/2 expression (white) was used to demarcate all of the ventrally projecting motoneurons belonging to LMCm (Fig. 3G,H ) . In general, the sartorius and femorotibialis pools from the sarcosine-treated embryos were not as discrete as in controls and had labeled cell bodies distributed throughout the LMCl. Additionally, as indicated by the counts in Table 1 , the total number of motoneurons projecting to the sartorius from LS1 in sarcosinetreated embryos was increased compared with control values. There was a similar increase in the number of neurons projecting to the femorotibialis from LS2.
Pathfinding errors are partially corrected after the resumption of spontaneous activity Plexus formation and pool-specific axon sorting takes place between St 23 and St 25. To determine whether the fasciculation/ pathfinding errors produced by sarcosine treatment were permanent or whether they could be corrected, the pattern of fasciculation was assessed in embryos in which sarcosine treatment had been stopped at St 24, and the frequency of spontaneous bursting had returned to control values by St 25.5. As shown in Figure 3C , at the plexus region, which we have defined as the convergence of spinal nerves LS2 and 3 (white arrowheads), the sartorius projecting axons in LS2 (green, arrow) did not join with the sartorius axons in LS1 as in the control (Fig. 3A) but continued to associate with the red axons projecting to the femorotibialis (Fig. 3C) . However, more distally, they took a novel pathway and projected to the sartorius. As would be expected, motoneurons retrogradely labeled from the sartorius could now be found in LS2 (Fig. 3F ) where they extended as far posterior as in the control pool (Fig. 3D) . In addition, motoneurons in LS1 and LS3 now projected to the femorotibialis (Fig.  3F ) , similar to the control pool (Fig. 3D ). These observations suggest that after rhythmic activity returned to normal, many of the motor axons were able to correct the pathfinding errors by taking novel trajectories distal to the plexus.
The sarcosine-induced anatomical alterations in plexus formation are reflected in altered functional input to muscles Shortly after target innervation (St 30), EMG recordings from individual muscles with suction electrodes allow one to determine the extent to which different spinal nerves activate each muscle. This has been shown previously to be approximately proportional to the number of motor axons projecting to that muscle (Landmesser and Morris, 1975; Landmesser, 1978) . The example from a control, Tyrode's-injected embryo (Fig. 4 A) shows that stimulation of spinal nerves LS1 and LS2 produced compound action potentials in the sartorius with the greatest contribution from LS1. In contrast, the femorotibialis muscle was predominantly activated by LS2 and LS3 with a minor contribution from LS1 (n ϭ 15).
In the chronic sarcosine-treated embryos (n ϭ 12), LS2 no longer activated the sartorius, which received all of its functional innervation from LS1. Similarly, the femorotibialis in this embryo was predominantly activated by a single spinal nerve, LS2. LS1 did not activate the femorotibialis muscle, and only rarely (1 in 12 sarcosine-treated embryos) did stimulation of LS3 produce a response (Fig. 4 B) , and this was quite small (Fig. 4 B) . These data show that axons, which have anatomically projected to inappropriate muscles after sarcosine treatment, also form functional synapses with those muscles. Finally, when rhythmic activity was allowed to recover by stopping sarcosine treatment at St 25, the EMG recordings (Fig. 4C) supported the anatomical findings presented in Figure 3 , which showed that a number of the axons that had made sorting errors had corrected their trajectory somewhere distal to the plexus, which occurred in all embryos tested (n ϭ 7).
Motoneurons that innervate foreign muscles in sarcosinetreated embryos maintain their original pool-specific bursting patterns
The data presented thus far suggest that most of the LMCl motoneurons in LS2, including those that would have originally projected to the femorotibialis as well as those that would have projected to the sartorius, now innervated the femorotibialis. Similarly, femorotibialis motoneurons in LS1 now appeared to project to the sartorius. To asses whether other aspects of motor pool identity, including pool-specific bursting patterns, were unaltered by sarcosine treatment, indicating that these axons had simply made pathfinding errors, or whether their pool identity had been transformed by the treatment, we made muscle nerve recordings from control and sarcosine-treated embryos at St 30, when pool-specific bursting patterns are clearly distinguishable.
The sartorius is a flexor, and the femorotibialis is an extensor, and thus they are activated out of phase with each other (Fig. 5A ) during spontaneous bursting episodes from St 30 (E7) (Land- Fig. 5B ) begins with a brief synchronous activation of both motor pools, after which the femorotibialis bursts, whereas the sartorius is prevented from firing by GABA acting on GABA A receptors (O'Donovan, 1989) . After this inhibitory period (Fig. 5A, top trace, black bar) , the sartorius usually exhibits a prolonged burst (top trace, asterisk) that often lasts until the next femorotibialis burst, whereas the femorotibialis is silent during this period (bottom trace, arrowhead) (n ϭ 9 for control recordings). Previous studies have shown that when embryonic chick motoneurons were surgically forced to innervate foreign muscles, they maintained their original pool-specific bursting patterns (Landmesser and O'Donovan, 1984b; Rafuse et al., 1996) , which result from a combination of intrinsic membrane properties and central connectivity. Thus, if motoneurons did not have their identities altered in the sarcosine-treated embryos but simply projected to the wrong muscle, one would expect to see, when recording from the sartorius, that femorotibialis motoneurons would burst during the sartorius inhibitory period. Similarly, when recording from the femorotibialis, one would expect to find sartorius motoneurons continuing to burst after the normal cessation of the femorotibialis burst.
These observations were in fact made. In contrast to the clean inhibitory period observed in all nine control sartorius muscles (Fig. 5B, top trace, bar) , units can be seen firing during this period in the sarcosine-treated embryos (Fig. 5C , top trace, arrow). In addition, units continued to fire in the femorotibialis muscle after the time that the burst in this muscle would normally cease; a large number of units burst simultaneously with the highamplitude portion of the sartorius burst, and many continued to burst late in the cycle, typical of sartorius motoneurons (Fig. 5C, bottom trace, arrowhead) . The relative amplitude of bursts during a recording reflects the number of units firing. Thus, given that the number of femorotibialis motoneurons in LS1 is relatively small, this likely accounts for the lower amplitude of the burst during the sartorius inhibitory period. Similar findings were seen in every chronic sarcosinetreated embryo (n ϭ 11). Allowing recovery of activity in sarcosine-treated embryos after St 24 resulted in a reduced Figure 3 . Motoneuron pool-specific pathfinding in control embryos, those treated with sarcosine, and those in which sarcosine treatment was stopped at St 24 (sarcosine recovery) and activity was allowed to recover to control values. A-C, Whole mounts of control, sarcosine, and sarcosine recovery embryos in which axons projecting to the sartorius (Sart; green) and femorotibialis (Fem; red) were retrogradely labeled at St 30 by fluorescent dextrans. White arrows show green labeled axons in spinal nerve LS2 projecting to the sartorius in control (A) and sarcosine recovery (C) but not in embryos treated with sarcosine throughout the growth of axons from the spinal cord to their entry into the muscle (B). The plexus region, where spinal nerves LS2 and LS3 converge, is marked by a white arrowhead. In the control embryo (A), the sartorius labeled axons in LS2 diverge at this point to join the sartorius axons in LS1 (red labeled axons projecting to the femorotibialis were also present in LS1 but cannot be distinguished in this whole mount at this level of magnification). With chronic sarcosine treatment, no axons from LS2 project to the sartorius (B). When sarcosine treatment was stopped after plexus formation (C), the sartorius-labeled axons fail to diverge at this point and continue to grow with the femorotibialis axons (red) toward the femorotibialis muscle. However, more distally, they diverge and grow to the sartorius muscle. D-F, Histograms of the rostrocaudal location of motoneuron somas retrogradely labeled from the sartorius (top) and femorotibialis (bottom) quantified from serial frozen sections and expressed as the percentage of the total number of neurons in each pool (3 embryos/histogram). The sartorius pool extends into LS2 in the control and sarcosine recovery but not with chronic sarcosine. Similarly, the femorotibialis pool extends into LS1 and LS3 in control and sarcosine recovery but not sarcosine. G, H, The location of motoneuron somas retrogradely labeled from the sartorius (green, top) at the level of LS1 or from the femorotibialis (red, bottom) at the level of LS2. The sections were also immunostained with antibody for islet 1/2, which labels the nuclei of all LMCm motoneurons. In the sarcosine-treated embryos, all sartorius and femorotibialis somas were located lateral to the LMCm, consistent with a lack of D-V pathfinding errors. However, in general, the somas of each pool were distributed throughout the LMCl, rather than being clustered in distinct locations.
number of units firing during the sartorius inhibitory period (data not shown), consistent with the data presented previously that axons were able to correct their trajectories somewhere distal to the plexus.
Resumption of normal rhythmic activity in sarcosine-treated embryos is correlated with motor axons correcting their pathfinding defects via the formation of novel aberrant nerves
If motor axons have corrected their trajectory after plexus formation, this would have to occur by axons taking novel trajectories distal to the plexus via the formation of aberrant nerves (LanceJones and Landmesser, 1981b) . To identify such aberrant nerves, LS1 and LS2 were injected with green and red dextrans, respectively, in St 30 control embryos and in sarcosine-treated embryos allowed to recover spontaneous activity. Although both motor and sensory axons are labeled by spinal nerve injections, the highly stereotyped anatomical pattern of limb nerves in control embryos revealed the existence of such aberrant nerves. In the control embryo shown in Figure 6 A, LS2 had been injected with a red dextran, and the divergence of some of those axons into the sartorius nerve (trajectory indicated by green dashed line) is clear (control embryos injected, n ϭ 15). In contrast, in the sarcosinetreated embryo (Fig. 6 B) , no axons diverged from LS2 at the normal point of divergence of the sartorius muscle nerve (dashed green line). However, more distally, a novel nerve (arrow) diverged from the crural nerve trunk and projected into the sartorius muscle and occurred in every embryo that recovered its spontaneous activity (n ϭ 10). Such novel nerves were also detectable when dissections were made for nerve recording. However, they varied widely from animal to animal; in some cases, one or two fairly large nerves diverged and were clearly distinguishable, whereas in other cases, axons diverged at numerous points, forming many very fine nerves that were difficult to visualize under the dissecting microscope.
To determine the location of the motoneurons that had projected axons to the sartorius via these aberrant nerves, we labeled the sartorius muscle with dextran (Fig. 6C , green axons in diagram) and cut spinal nerve LS1 (severing LS1 axons that had projected to the sartorius via the normal route). Thus, all labeled Muscle nerve recordings reveal that motoneurons that have innervated foreign muscles retain their original pool-specific bursting patterns. A, Recordings of an episode of activity induced by a single stimulus to the thoracic cord from control sartorius (Sart; top) and femorotibialis (Fem; bottom) nerves show that these are activated out of phase in the three "step" cycles that comprise an episode of activity at St 30. The bracket delineates one cycle in the top trace. After a brief activation, the sartorius exhibits a period of inhibition during which the femorotibialis fires. Subsequently, the sartorius resumes bursting until the next cycle. B, C, Expanded time base traces of a single cycle in control (B) and sarcosine (C)-treated embryos. The arrowhead in C denotes units in the femorotibialis nerve firing during the normal sartorius inhibitory period (shown by a bar in the top trace of B). The arrowhead in C shows units firing in the sarcosine-treated femorotibialis muscle during the prolonged period of the sartorius burst in the control (B, asterisk), whereas no units fire during this time in the control femorotibialis (B, arrowhead).
somas should belong to LS2 motoneurons that had projected to the sartorius via these novel nerves. As shown in the histograms of Figure 6 B, such motoneurons were distributed in LS2 along the rostrocaudal axis similar to the control sartorius pool (control embryos, n ϭ 6; sarcosine recovery embryos, n ϭ 6). They were also located in the LMCl (Fig. 6 H, green cells , LMCl denoted by dashed yellow line), and although many were very ventral in the location of the normal sartorius pool at this level (Fig. 6 I) , some were located more dorsally where they were mixed with somas (red cells) labeled from the femorotibialis (Fig. 6 H) . This alteration may indicate a modest effect of activity on the aggregation of LMCl motoneurons into discrete nuclei.
Because of this finding, it was important to determine whether such aberrant nerves were formed by sartorius axons responding to specific guidance cues or whether they might be formed by axons arising from multiple motoneuron pools. Therefore, suction electrode recordings were made from aberrant nerves (Fig. 6 E) , which are also labeled E in the diagram in Figure 6C , whereas simultaneously recording from the sartorius nerve (Fig.  6 D) . The recording from the sartorius nerve (Fig. 6 D) reveals a bursting pattern that is essentially like the control sartorius (Fig. 5A , top trace) in that it exhibits long bursts interrupted by a clear inhibitory period (Fig. 6, bracket) . However, as shown previously (Fig. 5C) , units, presumably femorotibialis, also burst during the inhibitory period. The bursting patterns recorded from aberrant nerves in sarcosine recovery embryos, as in the example shown (Fig. 6 E) , were clearly sartorius in nature, with clean inhibitory periods (Fig.  6E , bracket) and with units continuing to burst (asterisk) during the period of the prolonged sartorius burst. Thus, the axons that had created these aberrant nerves appeared to be sartorius.
Recordings made from the femorotibialis muscle nerve proximal and distal to where the aberrant nerves diverged to the sartorius supported this conclusion. Distal recordings (Fig. 6 F) exhibited relatively clean femorotibialis patterns with short bursts and little activity during the prolonged sartorius burst period (bracket). However, more proximal recordings (Fig. 6G ) revealed many units, presumably sartorius, bursting during this period, which was similar to the sarcosine-treated embryo shown in Figure 5C . These experiments were replicated multiple times (n ϭ 5) with similar results. These data, when combined with the histological data, strongly suggest that the aberrant nerves were comprised of axons that should have projected to the muscles recorded from, and were thus likely responding to specific guidance cues within the limb.
Pathfinding defects are prevented when embryos were simultaneously treated with sarcosine and strychnine We assumed that the alterations in the frequency of activity and the resultant pathfinding defects are caused by the enhanced effect of endogenously released glycine acting on glycine receptors. To provide evidence for this and to exclude other nonspecific effects of sarcosine, strychnine, which inhibits glycine receptors (Young and Snyder, 1973; Goldinger et al., 1981) , was given in ovo together with sarcosine from St 20 to St 30. We had shown previously that chronic strychnine treatment alone did not affect dorsoventral or muscle-specific pathfinding decisions (Hanson and Landmesser, 2004) . In the present study, we first observed that strychnine prevented the sarcosine-induced increase in the Figure 6 . Sartorius axons that made pathfinding errors in the plexus after sarcosine treatment are able to correct these errors via the formation of novel distal nerves when sarcosine treatment is stopped and activity returns to normal levels. A, Orthograde labeling of LS2 with a fluorescent dextran shows that axons from this segment project out the sartorius nerve (shown by the dashed green line) in the control (left). When the frequency of activity was altered by sarcosine treatment until St 24 (right), LS2 axons failed to project into the sartorius nerve (location shown by dashed green line), but after resumption of activity axons from LS2 formed novel nerves (arrow) that diverged more distally to project to the sartorius muscle. B, After transection of spinal nerve LS1 and injection of the sartorius muscle with a dextan dye, the motoneuron cell bodies of axons that projected to the sartorius muscle via the novel aberrant nerves were found to extend throughout spinal segment LS2, similar to the control sartorius pool. Histograms show the number of motoneurons at different rostrocaudal levels from serial frozen cross sections of cord, expressed as the percentage of the total labeled pool. C, A diagram to show the formation of novel aberrant nerves projecting to the sartorius (sart axons green, femoro axons red). D-G, Nerve recordings from the sartorius nerve (D), an aberrant nerve (E), and at different proximodistal levels of the femorotibialis nerve (F, G). Axons projecting via the aberrant nerve (E) had typical sartorius bursting patters with a clear inhibitory period (bracket) and prolonged unit activity (asterisk) until the next cycle. Recordings from the femorotibialis nerve proximal to the divergence of the aberrant nerve (G) showed a composite sartorius/femorotibialis bursting pattern, whereas recordings distal to this point showed a cleaner femorotibialis pattern (F ), with units no longer firing during the prolonged sartorius bursting period (brackets, compare F and G). H, The location of cell bodies in LS2 retrogradely labeled via aberrant nerves to the sartorius (green) and those cell bodies that project to the femorotibialis (red). The yellow dashed line encircles the LMCl, whereas the white dashed line indicates the lateral boundary of the ventral cord. Scale bar, 100 M. I, The location of all LS2 cell bodies retrogradely labeled from the sartorius from one sarcosine recovery embryo and projecting to the sartorius via aberrant nerves in different frozen sections have been marked with Xs. Although many cell bodies in the sarcosine recovery embryo are in the location of the control pool (green line), some appear to be displaced and in the location of the femorotibialis pool.
frequency of rhythmic activity (Fig. 7A ) from St 23 to St 25. Consistent with previous observations (Hanson and Landmesser, 2004) , only at later stages (St 28 -30) when muscles nerves had already projected to their muscles did strychnine block spontaneous activity. We found that strychnine prevented the sarcosine-induced pathfinding errors, with both sartorius and femorotibialis motoneuron pools exhibiting their normal locations in the lumbar cord (Fig. 7C) . Finally, after drug washout from cords isolated from strychnine/sarcosine-treated embryos both the sartorius and femorotibialis exhibited normal bursting patterns with no unit activity during the inhibitory period of the sartorius (Fig. 7B) . These results, taken together, suggest that the pathfinding errors produced by chronic sarcosine treatment were attributable to increased glycinergic transmission via strychninesensitive glycine receptors.
Discussion
The observations presented here, when combined with our previous study (Hanson and Landmesser, 2004) , indicate that moderately increasing or decreasing the frequency of spontaneous bursting episodes has robust but different effects on the two major pathfinding decisions made by lumbosacral motoneurons: the binary decision to project dorsally or ventrally and the subsequent motoneuron pool/muscle-specific fasciculation of axons in the plexus and their selective growth to the appropriate muscle. These results strongly suggest that the rhythmic pattern of wavelike activity, which we have shown occurs at very early stages of spinal motor circuit formation in both the chick and mouse Landmesser, 2003, 2004) , interacts with the molecular signaling cascades that regulate downstream guidance decisions.
The episodes of rhythmic propagating activity in the early spinal cord share many similarities with retinal waves. In the visual system of both mice and rodents, a number of recent papers have confirmed the importance of the normal pattern of retinal waves in the proper targeting of axons in the lateral geniculate, superior colliculus, and visual cortex (Penn et al., 1998; Stellwagen and Shatz, 2002; McLaughlin et al., 2003; Cang et al., 2005; Chandrasekaran et al., 2005; (for review, see . Although the precise molecular mechanisms underlying the effects of altered activity on visual projections is not well understood, the mechanism is thought to involve Hebbian or spike timing-dependent competitive interactions between visual afferents as they compete for synaptic space in target structures (Hebb, 1949; Zhang et al., 1998; Ruthazer and Cline, 2006) . Such a mechanism is unlikely to contribute to the early pathfinding errors we detected after altering activity, because these occur while motor axons are just growing into the limb and before any contact with muscle targets. Another way in which patterned activity could affect pathfinding is by altering the expression of molecules involved in either the D-V or the motoneuron pool-specific pathfinding decisions. Below, we discuss each of these pathfinding decisions and how they might be affected by activity.
Dorsoventral pathfinding errors
Slowing the frequency of activity episodes, which affected D-V but not A-P pathfinding, resulted in the downregulation of PSA on NCAM and of the ephrin receptor EphA4, both of which have been implicated in D-V pathfinding (Tang et al., 1992 (Tang et al., , 1994 Helmbacher et al., 2000; Eberhart et al., 2002; Kania and Jessell, 2003) . Slowing activity did not affect a number of other motor axon cell surface molecules, including NCAM itself, L1/NgCAM, or the receptor tyrosine phosphatase CRYP␣ (Hanson and Landmesser, 2004; our unpublished observations) . It is of interest that when the frequency of activity episodes was increased, as demonstrated in the present study, neither D-V pathfinding nor the expression of PSA or EphA4 was altered. The downregulation of PSA or of EphA4 has not yet been shown to be causal for the D-V pathfinding errors we observed, and in fact even simple binary decisions such as the D-V motor axon choice are likely to involve multiple molecules and pathways as demonstrated recently (Huber at al., 2005; Kramer et al., 2006) . Nevertheless, the data, taken together, support this possibility and also emphasizes the distinct nature of the D-V and pool-specific fasciculation/pathfinding choices, although both are performed in the same approximate location (mesenchyme surrounding distal spinal nerves and plexus) and at approximately the same time (although the D-V decision slightly precedes the A-P decision). The effect of sarcosine on the frequency of spontaneous episodes and on pool-specific pathfinding errors is prevented by simultaneous application of the glycine receptor antagonist strychnine. A, In ovo intermovement intervals in control, sarcosineand combined sarcosine/strychnine-treated embryos. B, EMG recordings in isolated St 30 cord preparations after washout of drugs reveal control-like bursting patterns in the strychnine-treated (top) and combined sarcosine/strychnine (bottom)-treated embryos. In each pair of traces, the sartorius is on the top, and the femorotibialis is on the bottom. C, After the combined strychnine/ sarcosine treatment, the location of sartorius and femorotibialis pools are unaltered from control levels showing that A-P pathfinding errors produced by sarcosine alone have been prevented.
A-P/motoneuron pool-specific fasciculation and pathfinding errors
Increasing the frequency of episodes of activity produced striking alterations in the pool-specific convergence of axons in the plexus and their subsequent selective growth to target muscles. Because this process likely involves selective fasciculation based on attractive and/or repulsive cell surface molecules on axons as well as on the axons' selective responses to guidance cues from the muscle targets, it is molecularly complex. The complex patterns of Eph/ ephrin expression in motoneurons have been hypothesized to contribute to motoneuron pool-specific guidance (Cohen et al., 2005) . Additionally, hox genes and their cofactors recently have been shown to be involved in specifying motoneuron pool identity, including peripheral connectivity (Dasen at al., 2005) . However, the downstream guidance molecules that enable poolspecific pathfinding are currently unknown. Nevertheless, poolspecific pathfinding was severely compromised when activity was increased. Axonal growth per se and subsequent synapse formation were not impaired, resulting in muscles being innervated by a mixture of appropriate and foreign motoneurons.
Previous studies have shown that after surgical A-P displacements or rotations of the neural tube, many axons were able to reach their correct muscle although they grew out different spinal nerves (Lance-Jones and Landmesser, 1981b) . For example, many sartorius axons that had entered the sciatic plexus, which supplies the posterior thigh, projected to the anterior sartorius muscle by taking novel pathways through the limb that were very similar to the novel nerves observed in the sarcosine recovery animals. It was suggested that the response of axons to targetderived diffusible guidance cues was the only reasonable explanation for such novel nerve formation. Of interest, FGF has recently been identified as a target-derived chemoattractant that selectively attracts medial motor column axons to their axial muscle target region (Shirasaki et al., 2006) . The selective defects in motoneuron pool/muscle-specific pathfinding that we observed would be expected to occur if the alterations in activity prevented motoneuron growth cones from responding to such muscle-specific chemoattractants, possibly by affecting a common intracellular signaling pathway. Alterations in the expression of guidance cues could also have occurred. However, although we focused on two muscles, the A-P pathfinding defects were widespread, occurring in both the crural and sciatic plexi, and this would require alterations in the expression of multiple guidance cues or their receptors, and we thus favor the previous explanation.
Changes in activity also might have altered the identity of motoneurons. Although the transcription factors that specify sartorius and femorotibialis pool identity are unknown, a number of transcription factors have been shown to be expressed in a poolspecific pattern (Lin et al., 1998) , and hox genes and their cofactors have been shown recently to contribute to the A-P specification of motoneurons (Shah et al., 2004; Dasen et al., 2005) . However, the maintenance of the original pool-specific bursting patterns by the sarcosine-treated sartorius and femorotibialis motoneurons and the fact that these motoneurons were able to correct their trajectories to reach their appropriate target muscles when activity resumed is evidence that pool identities were not altered.
In early Xenopus spinal cord, chronic alterations in the level of spontaneous activity produced by drugs or by exogenously expressed ion channels were recently shown to change the proportion of neurons expressing either excitatory (ACh, glutamate) or inhibitory (GABA, glycine) transmitters because of an apparent compensatory homeostatic response (Borodinsky et al., 2004) . We did not observe such alterations after chronic picrotoxin or sarcosine treatments, and the frequency and pharmacology of the activity that rapidly resumed (within 30 min to several hours) after the washout of drugs from cords isolated from treated embryos was not different from controls. Possible explanations for these different findings are species differences, differences in developmental stage, or the fact that the modest changes in the frequency of activity produced in our studies was insufficient to trigger such homeostatic mechanisms.
What aspects of rhythmic bursting activity are regulating specific motoneuron pathfinding decisions? During bursting episodes, motoneurons are strongly depolarized in a rhythmic pattern. There is precedent for such strong, temporally spaced stimuli to activate specific intracellular signaling pathways (Wu et al., 2001) . Furthermore both the pattern and frequency of stimulation and ensuing Ca 2ϩ transients can regulate neuronal gene expression (Dolmetsch et al., 1997; Itoh et al., 1997; Watt et al., 2000) . Thus, the frequency of the bursting episodes may be the critical variable to which motoneurons are responding. However, because motoneurons are embedded in a circuit, during bursting episodes, motoneuron depolarization and increases in intracellular Ca 2ϩ will be accompanied by the release of the transmitters ACh, GABA, and Glycine and possibly of trophic factors such as BDNF (Meyer-Franke et al., 1998; AlMajed et al., 2000; Chang and Berg, 2001; Balcowiec and Katz, 2002; Berghuis et al., 2004) . Several transmitters such as GABA and glycine have been shown to affect early developmental processes, including neuronal proliferation and migration (for reviews, see Nguyen et al., 2001; Owens and Kriegstein, 2002) . Thus, it will be important to determine whether signaling though transmitter receptors plays any role in the alterations in pathfinding that we have observed. One way that this might be accomplished would be by driving bursting episodes via in ovo activation with light of electroporated Channel rhodopsin 2. Such an approach would enable bursting episodes to be elicited at different frequencies (Li et al., 2005) in the presence or absence of specific transmitter antagonists. In any case, the observations we made demonstrate the importance of maintaining the normal frequency of rhythmic activity in embryos during early pathfinding decisions and thus indicate caution in that any drugs that may alter rhythmic activity in early embryogenesis, including those that affect cholinergic, GABAergic or glycinergic transmission may impair the development of spinal motor and, perhaps, other circuits.
